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WHAT IS ε’/ε ?

CP VIOLATION IN KAON
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HOW TO MEASURE ε’/ε

REQUIRED ACCURACY ON R~ 1X10-3

OBSERVE THE 4 DECAY MODES SIMULTANEOUSLY TO 
SUPPRESS SYSTEMATIC ERRORS

R =
BR(KL → π+π−)/BR(KS → π+π−)
BR(KL → π0π0)/BR(KS → π0π0)

= 1 + 6Re(ε′/ε)



PAST RESULTS ON ε’/ε

CERN NA31, NA48, AND FNAL KTEV HAVE 

ESTABLISHED  ε’/ε≠0

SUPERWEAK IS DEAD
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Figure 1.3: History of published measurements of Re(ε′/ε) prior to this result. Ref-
erences are [20–23, 49, 50].

to Im(ε′/ε) by

∆φ ≈ −3Im(ε′/ε) (1.36)

We measure ∆φ by fitting for both Re(ε′/ε) and Im(ε′/ε) simultaneously. The phases

φ+− and φ00 are expected to be equal to the superweak phase in the absence of CPT

violation, so these measurements are CPT tests. The details of all of these fits are

described in Chapter 6.
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NEW AND FINAL RESULT 
FROM FERMILAB KTEV
KTEV

96,97+99 DATA

Arizona, Campinas, Chicago, Colorado, Elmhurst, 
FNAL, Osaka, Rice, SaoPaulo, UCLA, Virginia, Wisconsin



KTeV DETECTOR
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CHARGED MODE:
 

IMPROVEMENTS

FULL DELTA-RAY 
SIMULATION

USE MEASURED RESOLUTION 
WITHIN THE CELL IN MC AND 
TRACK RECONSTRUCTION

TREAT HADRONIC 
INTERACTIONS

BREMSSTRAHLUNG AT 
DOWNSTREAM OF MAGNET

dE/dx IN MATERIAL 
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BETTER 
AGREEMENT  
DOWN TO TAILS

SYST. ERROR ON 
PT

2 CUT: 0.25 X 10-4 
→ 0.10 E-4

KL,S → π+π−
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MASS

14% NARROWER THAN 2003 PAPER, ~25% FOR HIGH ENERGY K

GOOD DATA/MC MATCH IN DOWN TO TAILS

KL,S → π+π−
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NEUTRAL MODE: 
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CsI ELECTROMAGNETIC 
CALORIMETER

2.5CM AND 5CM SQUARE 
BLOCKS

50CM (27X0) LONG
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KTEV Event Display

/home/user2/seturner/ana/2pi
0/cmd/pdst_i5/2pi0.dat

Run Number: 13697
Spill Number: 28
Event Number: 8078783
Trigger Mask: 8

All Slices
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 -  Track
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HCC cluster count: 4
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C 1:  0.3258  0.0704   36.84
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Vertex: 4 clusters
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Figure 3.20: Event display for a sample K → π0π0 decay. The four clusters of energy
in the CsI are shown. The cluster energies, reconstructed decay vertex, reconstructed
mπ0π0 invariant mass, and χ2

π0 are shown on the left. The bottom panel shows the
photon trajectories from the decay vertex to the CsI. The x-position of the vertex
is in the same beam as the regenerator, so this event is consistent with a KS decay.



IMPROVED EM SHOWER 
TREATMENTS

FOR EACH CRYSTAL, CORRECT FOR 

LIGHT UNIFORMITY

NON-LINEARITY

MC GENERATES SHOWERS WITH 
FINITE INCIDENT ANGLES

MC SIMULATES WRAPPINGS AND 
SHIMS BETWEEN CRYSTALS

AND MORE...

87

for three energy bins. We use a logarithmically weighted average of the two energy

bins surrounding the cluster energy to better simulate the actual longitudinal pro-

file for a given cluster energy. Each block is corrected individually and the cluster

energies are re-summed.

In Monte Carlo, we only simulate the longitudinal uniformity of the central 13

CsI crystals in a cluster. (See Chapter 4 for details on the simulation.) For this

reason, when we apply the longitudinal uniformity correction to Monte Carlo events

we must be careful to apply it only to those blocks in which the effect is simulated.

It is possible that the cluster we reconstruct does not have the same seed block

as the cluster we generated, so we store the generated seed block and use that

information to decide which blocks in a cluster should receive the correction. We

also use the shower’s generated energy bin to select the block’s shower profile rather

than interpolating between energy bins.
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Figure 3.11: Measured longitudinal response for sample CsI crystals in 1999. Chan-
nel 1370 (left) is a small block and 435 (right) is a large block. The precision of
the measurement varies depending on the position of a block within the calorimeter
because the cosmic ray trigger rate is not constant across the calorimeter.
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Figure 3.15: E/P linearity for Ke3 electrons before channel-by-channel correction in
1999. The top panel shows the global linearity while the four bottom panels show
linearities for four sample channels. Channels 1647 and 765 are small blocks and
channels 209 and 2972 are large blocks.
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THESE CHANGES IMPROVED...
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CsI PERFORMANCE
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#EVENTS AND BACKGROUNDS IN
 CHARGED MODE

25.1M KL→ππ, 43.7M KS→ππ signal events
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Figure 5.9: Invariant mass distributions for K → π+π− and all backgrounds.
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Figure 5.8: p2
T distributions for K → π+π− and all backgrounds.
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#EVENTS AND BACKGROUNDS IN
NEUTRAL MODE

6.0M KL, 10.2M Ks signal events155
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Figure 5.11: Invariant mass distributions for K → π0π0 and all backgrounds.
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tends to absorb moisture and its light output decreases ∼1.5% per degree Celsius

temperature increase.

The CsI crystals were tested in the lab before installation in the calorimeter.

The light output and longitudinal response were measured using a 137Cs source.

The crystals were wrapped in mylar that is black on one side and aluminized on

half of the other. The fraction of wrapping that was reflective varied from crystal to

crystal. This was done to make the longitudinal response of the crystals as uniform

as possible to improve energy resolution and linearity. We achieved a longitudinal

response that is uniform to within 5%. The wrapping is ∼12 µm thick; the fraction

of dead material in the calorimeter is ∼0.06% and the energy lost in the wrapping

per shower is ∼0.015% for showers in the small blocks.

1.9 m

Figure 2.5: Transverse view of the KTeV CsI calorimeter, showing the small inner
crystals, the large outer crystals, and the beam pipes.
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Figure 5.10: RING distributions for K → π0π0 and all backgrounds.
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ACCEPTANCE CORRECTION

NDECAY = NOBSERVED / 
ACCEPTANCE

IN 10GEV/C PK BIN

CHECK ACCEPTANCE WITH 
HIGH STATISTICS MODES

SYST ERROR ON  ε’/ε

CHARGED: 0.57 E-4

NEUTRAL: 0.48E-4
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EXTRACTING ε’/ε
BASIC IDEA: AMPLITUDE RATIO IS:

ACTUALLY, MULTI-PARAMETER FIT USING EXACT FUNCTIONS

ρ A(KS → ππ)

A(KL → ππ)
KL

KS

! η

ρ

#KL → π+π−/#KS → π+π−

#KL → π0π0/#KS → π0π0
"

∣∣∣∣
η±/ρ

η00/ρ

∣∣∣∣
2

= 1 + 6Re(ε′/ε)



SYSTEMATIC ERRORS

17

The KL lifetime τL is taken from [? ]. The values of
∆m and τS are fixed to our measurements (Eq. 21) for
the Re(ε′/ε) fit and are floated on the fit for the z-binned
fit.

V. RESULTS

A. Measurement of Re(ε′/ε)

For the full 1996, 1997, and 1999 combined dataset,
the fit result is Re(ε′/ε) = (18.9 ± 1.1) ×10−4. We apply
a correction of +0.3×10−4 to this result to remove the
bias measured in the π+π− trigger. The systematic un-
certainties in Re(ε′/ε) are summarized in Table V. The
total systematic uncertainty in Re(ε′/ε) is 1.8×10−4. The
final KTeV result is:

Re(ε′/ε) = [19.2 ± 1.1(stat) ± 1.8(syst)] × 10−4(13)
= [19.2 ± 2.1] × 10−4

(14)

Source Error on Re(ε′/ε) (×10−4)
K → π+π− K → π0π0

Trigger 0.23 0.20
CsI cluster reconstruction — 0.75
Track reconstruction 0.22 —
Selection efficiency 0.23 0.34
Apertures 0.30 0.48
Acceptance 0.57 0.48
Backgrounds 0.20 1.07
MC statistics 0.20 0.25
Total 0.81 1.55
Fitting 0.31
Total 1.78

TABLE V: Summary of systematic uncertainties in Re(ε′/ε).
See Tables I and II for more details on the errors from the
K → π+π− and K → π0π0 analyses, respectively.

We crosscheck our result by breaking the data into sub-
sets and checking the consistency of the Re(ε′/ε) result in
the various subsets. To check for any time dependence,
we break the data into 11 run ranges with roughly equal
statistics. There are five run ranges in 1997 and six in
1999. Since the 1996 K → π0π0 data does not have
any corresponding K → π+π− data, we combine it with
the neutral mode data in the first 1997 run range. The
Re(ε′/ε) result for each run range is shown in Figure 21.
We find consistent results in all of the run ranges.

In 1999 we took data at high and low intensity so we are
able to check for any dependence of Re(ε′/ε) on beam in-
tensity using the 1999 data. Figure 22 shows the Re(ε′/ε)
result for SEM < 5 × 1012 and SEM > 5 × 1012. The low
intensity sample has an average SEM of 4×1012 and the
high intensity sample has an average SEM of 6.5×1012.
We break the data in half based on regenerator position;
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FIG. 21: Re(ε′/ε) in subsets of the data sample. Each point
is statistically independent. The dashed line indicates the
value of Re(ε′/ε) for the full data sample. The 97a run range
includes the 1996 K → π0π0 data.

Figure 22 also shows the value of Re(ε′/ε) for each regen-
erator position. In these comparisons, each data point is
statistically independent. All of these comparisons show
good agreement.

There are several crosschecks of the K → π+π− sample
for which we do not break up the K → π0π0 sample. We
break the K → π+π− sample in half based on the polar-
ity of the analysis magnet and whether the tracks bend
inward or outward in the magnet. In each of these cases,
the K → π0π0 sample is common to both data points
and the errors are estimated by the difference between
the subset error and the nominal error in quadrature.
Figure 22 shows the Re(ε′/ε) results for each of these
subsets; they all show good agreement. The fit results
for track inbends and outbends are both larger than the
nominal result; in this case the regeneration parameter,
α, has changed in each fit to allow the higher values of
Re(ε′/ε).

We check for dependence on kaon momentum by break-
ing the data into twelve 10 GeV/c momentum bins. In
these fits, we fix the power-law dependence of the regen-
eration amplitude to the value found in the nominal fit.
The free parameters are Re(ε′/ε), |f−(70 GeV/c)|, and
the charged and neutral kaon fluxes. Figure 23 shows
the values of Re(ε′/ε) and |f−(70 GeV/c)| for these fits.
We see no evidence for dependence of the Re(ε′/ε) result
on kaon momentum.

B. Measurements of Kaon Parameters

The regenerator beam decay distribution is sensitive
to the the kaon parameters τS , ∆M , φε and Im(ε′/ε).
Compared to the Re(ε′/ε) fit, these parameters can be
measured by fitting decay distribution in the regenerator
beam instead of integrated yield. The analysis of the
kaon parameters follows the general procedure developed
in [11? ], but deviates in a way the CPT constraints are
applied.

The “z-binned” fit uses both charged and neutral mode
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Figure 3.21: KS → π0π0 z vertex distributions used for regenerator edge matching
in 1999. (a) Data and Monte Carlo before scale adjustment. (b) Data and Monte
Carlo after scale adjustment. (c) Shift required to match data to Monte Carlo.
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RESULT

Re(εʼ/ε) from full KTeV data
= [19.2 ± 1.1(stat) ± 1.8(syst)] x 10-4

= [19.2 ± 2.1]x10-4

2003: 

[20.7 ± 1.48 ± 2.39]X10-4

= [20.7 ± 2.8]X10-4

NEW WORLD AVERAGE
= [16.8 ± 1.4]X10-4

214

The probability for this average is 13%. Figure 8.4 compares the four measurements

and the new world average.

Combining the new KTeV results with the other results included in the PDG

2006[51] averages, the new world averages for ∆m and τS are:

∆m = (5277 ± 9)×106 !s−1 (8.12)

τS = (89.59 ± 0.04)×10−12 s

Re(!´/!)

0 10 20 30 (x10
-4

)

E731 93  7.4 !  5.9

NA31 93 23.0 !  6.5

NA48 02 14.7 !  2.2

KTEV 07 19.2 !  2.1

New World Ave. 16.8 !  1.4

Figure 8.4: New world average for Re(ε′/ε) combining results from E731[21],
NA31[20], NA48[49], and KTeV.



OTHER PARAMETERS
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Figure 8.5: New world average for ∆m combining results from SPEC74[53, 54],
E731[55], E773[52], and CPLR[56], and KTeV.
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Figure 8.6: New world average for τS combining results from E731[55], E773[52],
NA31[57], NA48[58], and KTeV.

Δm = [5265 ± 11]x10-6 hs τS = [89.62 ± 0.05]x10-12 hs



OTHER PARAMETERS
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Figure 8.7: Comparison of φ+− to previous results. References are [52–56]. In the
PDG fit, experimental results are adjusted using their reported correlations with
∆m and τS to use the PDG values of ∆m and τS. The results shown in this plot
for previous measurements of φ+− include the PDG correction.
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Figure 8.8: Comparison of ∆φ to the previous combined result from E731 and
E773[52].
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CONCLUSION

FINAL RESULTS FROM KTEV FULL DATA SET 
WITH MANY IMPROVEMENTS

CONSISTENT WITH CPT SYMMETRY

Re(ε′/ε) = [19.2± 1.1(stat)± 1.81(syst)]× 10−4

∆m = (5265± 10)× 106!s−1

τS = (89.62± 0.05)× 10−12s

φε = (44.09± 1.00)◦

∆φ = (0.29± 0.31)◦





BACKGROUNDS

CHARGED MODE

NEUTRAL MODE

153

Vacuum Beam Regenerator Beam
Source 1997 1999 1997 1999

Regenerator Scattering — — 0.073% 0.075%
Collimator Scattering 0.009% 0.008% 0.009% 0.008%
KL → π±e∓ν 0.032% 0.032% 0.001% 0.001%
KL → π±µ∓ν 0.034% 0.030% 0.001% 0.001%
Total Background 0.074% 0.070% 0.083% 0.085%

Table 5.1: Summary of K → π+π− background levels

Year Vacuum Beam Regenerator Beam
1997 10668660 18578930
1999 14438581 25095278
Total 25107242 43674208

Table 5.2: π+π− event yields after background subtraction

beam. Figures 5.10 and 5.11 show the RING and mπ0π0 distributions for K → π0π0

data and all backgrounds. Table 5.3 contains a summary of the background fractions

for the 1996, 1997, and 1999 K → π0π0 samples. The variation in the level of

KL → π0π0π0 background among the years for neutral mode is due to the varying

trigger thresholds and veto cuts. Table 5.4 contains the final number of events in

the K → π0π0 samples after background subtraction.

Vacuum Beam Regenerator Beam
Source 1996 1997 1999 1996 1997 1999

Inelastic Scattering 0.153% 0.132% 0.128% 0.214% 0.186% 0.175%
Diffractive Scattering 0.135% 0.128% 0.130% 0.893% 0.906% 0.906%
Collimator Scattering 0.102% 0.122% 0.120% 0.081% 0.093% 0.091%
KL → π0π0π0 0.444% 0.220% 0.301% 0.015% 0.006% 0.012%
Photon Mispairing 0.007% 0.007% 0.008% 0.007% 0.008% 0.007%
Hadronic Production 0.002% 0.001% — 0.007% 0.007% 0.007%

Total Background 0.835% 0.603% 0.678% 1.209% 1.197% 1.190%

Table 5.3: Summary of K → π0π0 background levels. Note that photon mispairing
is not subtracted from the data and is not included in the total background sum.
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